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Introduction
Electromagnetic fields are pervasive in the environment of the modern world and are derived from many manmade sources. Health risks of extremely low frequency (ELF) magnetic fields (MF) produced by the generation, distribution, and utilization of electricity and radio frequency (RF) electromagnetic fields (EMF) from, e.g., wireless communication devices, have been investigated in numerous studies over many decades. However, there is limited knowledge about the possible health effects of intermediate frequency (IF) fields between the ELF and RF ranges (Ahlbom et al., 2008) . The IF frequency range covers from 300 Hz to 100 kHz (or up to 10 MHz; the upper limit depends on how RF is defined). Human exposure to IF MFs is increasing due to new applications such as electronic article surveillance (EAS) systems (Roivainen et al., 2014) , wireless power transfer, induction heating cooking hobs, and magnetic resonance imaging (Floderus et al., 2002; ICNRP, 2008) .
Our parallel findings provide evidence of impaired learning and memory in young adult mice exposed to 7.5 kHz MFs continuously for 5 weeks (Kumari et al., 2017b) . The mRNA expression level of the proinflammatory cytokine TNFα was also elevated in the hippocampus of the high-exposure (120 µT) group. It is therefore possible that exposure to IF MFs during a sensitive period of an organism's life, specifically during development, can cause adverse effects in the developing brain.
Another recent study measured brain biomarkers and the morphology of the hippocampus in mice exposed to IF MFs (21 kHz MFs, 3.8 mT, 1 h/day) during prenatal to postnatal development (Win-Shwe et al., 2015) . The results of the study indicate that developmental exposure to IF MFs may induce neuro-inflammation and changes in genes related to memory function. However, no effects were found in mice that were allowed to recover for one day after termination of exposure, which indicates that these effects were transient.
The developmental effects in animals exposed to IF MFs around 20 kHz, similar to those emitted by cathode ray tubes that were previously used as a computer displays (Huuskonen et al., 1993 (Huuskonen et al., , 1998a (Huuskonen et al., , 1998b Frölen et al., 1993; Juutilainen et al., 1997; Kim et al., 2004; Lee et al., 2009 ) have been addressed in several studies. However, these studies did not include behavioural teratology, which is considered a sensitive approach for detecting any effects on the development of the central nervous system (Bornhausen and Scheingraber, 2000; Satoh, 2003) . There is mounting evidence that prenatal exposure to environmental toxicants may have a profound lifelong impact on the central nervous system (Sobolewski et al., 2014) . The developing nervous system is more sensitive than the adult brain to radiation, toxicants, drugs, or any other changes in the external environment (Odacı et al., 2016; Kasten-Jolly et al., 2012) . After birth, the development of rodents' brains continues until the age of 2 months with functional or structural refinements.
In this study, we set out to assess possible behavioural effects after prenatal to early postnatal exposure to IF MFs. The exposure was continuous during gestation and early postnatal development. Pregnant mice were exposed to 7.5 kHz MFs similar to those emitted by the EAS technology commonly used in supermarkets and other stores to protect merchandise against theft. Exposure to this kind of IF MF is common, and many of the exposed subjects are of child-bearing age (Roivainen et al., 2014) . Two magnetic flux densities, 12 and 120 μT, were employed. The higher flux density exceeded the reference level of 100 µT in the frequency range 3 kHz to 10 MHz defined by the International Commission on Non-Ionizing Radiation Protection for occupational exposure (ICNIRP, 2010) and was higher than the maximum exposure levels (up to 60 µT) found near EAS systems used in supermarkets and libraries (Roivainen et al., 2014) .
We applied a large battery of standard behavioural tests to cover possible effects on a variety of brain functions and brain regions. The assessment included spontaneous locomotion, special motor actions such as rearing, digging, and swimming, motor coordination and balance, fear and anxiety, appetite, learning, and short-and long-term memory. The tests are widely used in neuropharmacology and have been shown to be valid for prediction of drug responses in humans.
Materials and methods

Exposure setup
The details of the exposure system are described elsewhere (Kumari et al., 2017a) . Briefly, the exposure system consisted of a wooden rack with five rectangular coils. Three identical coil systems were made for simultaneous exposure at three levels (sham exposure, 12, and 120 μT). The dimensions of the coils were 40 cm × 120 cm. The top and bottom coils had 6 turns of copper wire (diameter 1.8 mm), while the three middle coils had 4 turns. The vertical distance between the coils was 25 cm. There were 4 shelves for animal cages; each shelf was positioned 4 cm above one of the coils. The 7.5 kHz signal was generated by a Thandar TG501 function generator (Thurlby Thandar Instruments, UK) and amplified with a Behringer Europower EP 4000 amplifier (Music Group Services, USA) nominally capable of producing 1250 W of continuous power per channel. A 1.47 Ω resistor was connected in series with the coil system. As the inductive reactance of the coil system considerably resists the flow of current at 7.5 kHz, a capacitor (about 1.5 µF) was added to tune the system into series resonance at 7.5 kHz.
Background MF in the sham-exposure coil system was measured with the calibrated coil described below. No MF exceeding the resolution of the measurement system (0.02 µT) was detected in the sham-exposure system when the exposure system was on.
Due to the low resistance of the coil system (about 0.5 Ω), the power dissipated in it is low, about 15 W at the highest MF strength (120 µT) used in this study. Furthermore, the coils, which were wound outside the wooden support structure, have a large surface area that ensures low-temperature operation. As wood is an excellent thermal insulator that provides no path for thermal conduction, radiant heating is insignificant given the low temperature differential. Therefore, given the effective air circulation in the animal room and the large volume of the coil system, heating of the animals was negligible. The combination of small animal size, low frequency and low field strength ensure that direct heating of the animal by the EMF is not a concern.
Evaluation of the exposure system and dosimetry
The homogeneity of the field was evaluated both numerically -with the Magneto-Static Solver in SEMCAD v14 (SPEAG, Switzerland) -and experimentally.
The MF strength was measured with a calibrated single-axis fieldsensing coil (diameter 2.0 cm, length 1.3 cm). The sensing coil was shielded against electric fields and was connected to a multimeter (Agilent U1241B, Agilent Technologies, Malaysia) to measure voltage induced in the coil. The measured fields showed an overall homogeneity (SD) of 3.8%, with all measured points within ± 9% of the overall average. The average MF strength measured was 12.03 µT for the low exposure (12 µT) group.
For induced current densities and electric fields, SEMCAD v14 (SPEAG, Zurich, Switzerland) and the Magneto-Quasi Static solver were used to perform simulations. Tissue parameters were set according to Gabriel et al. (1996) dataset of dielectric body parameters. The validity of the condition ωε < σ for the quasi-static approximation used was checked.
A pregnant female mouse voxel model having body weight of 29 g was used. The mouse model was exposed in the simulation to a homogeneous MF to determine the induced field quantities. Some limited dosimetry was also performed to estimate exposure of the fetuses. Uncertainties for the simulations and modeling were also estimated.
Animals and experimental design
In total, 22 female and 10 male C57BL/6 J mice (2 months of age) obtained from the Lab Animal Centre (Kuopio, Finland) were mated for 1-7 days, and the female mice were monitored daily for development of vaginal plugs during the following days. Upon appearance of the plugs, females were considered potentially pregnant, and this day was counted as gestational day 1 (GD-1). The mice were then randomly assigned to sham and exposed groups and exposed for 24 h/d, except for about one half-hour per week for animal care, to 7.5 kHz MFs at 12 or 120 μT from GD-1 until the pups were weaned. The pregnant females were weighed every week to check for increased weight as confirmation of pregnancy. Pregnancy was considered confirmed if the body weight increased more than 5 g in 10 d of after mating. Non-pregnant females were removed from the system and afforded subsequent mating attempts.
Immediately after mating, the female mice were housed for two weeks in transparent plastic cages (one animal per cage), with maximum dimensions of 28 × 19 × 14 cm. Thereafter, they were transferred to larger cages (39 × 28 × 14 cm at the cage top and minimum dimensions at the bottom of 33 × 23 × 14 cm). After delivery of the pups, the cages of the dams were changed only once per week to reduce the stress levels.
The dams gave birth on GD-19 to -21, which was counted as postnatal day 1 (PND-1) (Fig. 1) . The offspring were weaned at PND-28.
After weaning, the pups were housed in metal cages (40 × 24 × 14 cm) in-group with same-sex littermates to avoid social stress and breeding. In total, 20 male descendants per group were tested in the sham-exposed and 120 μT groups and 22 male descendants in 12 μT group. The selection of the pups for the behavioural tests was based on exclusion of pups with the highest body weights. Behavioural tests started when pups were 2 months old (PND-60).
All pregnant females delivered pups, but, maybe because of the aggressive nature of female C57BL/6J mice, many of the dams ate their pups. To obtain 20 pups in each group, dams were rebred three times.
The pups continued to be exposed to the IF MF until they were weaned, except for about one half-hour per week for changing the cages. One day before of behavioural tests, the mice were separated, ear marked by an animal caretaker (to leave the researchers blinded as to the individual exposure history during the behavioural testing), and housed individually in metal cages (40 × 24 × 14 cm). After the behavioural tests, the animals were weighed and then anesthetized deeply with an intraperitoneal injection of pentobarbiturate-chloral hydrate cocktail (105 mg/kg pentobarbiturate and 425 mg/kg chloral hydrate) for collection of histology samples.
Throughout the experiment, the animals were housed in a controlled environment (temperature 21 ± 1°C and humidity 50-60%, light period 07:00 A.M. to 7:00 P.M.). Food and water were available ad libitum. The experiments were conducted according to the guidelines of the Council of Europe (Directive 86/609) and Finland, and approved by the Animal Experiment Board in Finland.
Behavioural protocols
Motor activity and coordination, neophobia, anxiety, and spatial learning and memory were assessed with a well-established battery of behavioural tests. All tests started in the morning at around 9 A.M.
Locomotor activity
This test was performed in an observation cage (26 × 26 × 39 cm) with white opaque walls, and an infrared photobeam detection method coupled with an automated activity monitor (TruScan®, Coulbourn Instruments, CO, USA) was used. The system was designed to enable separate monitoring of horizontal (XY-move time) and vertical activity (rearing). The test session took 10 min and was replicated after 48 h to assess the extent of habituation to the test cage. To avoid odor traces, the test cage was cleaned with 70% ethanol before each mouse was tested.
Rotarod test for motor coordination and balance
Animals were tested with the accelerating Rota-Rod® apparatus (Ugo Basile, Comerio, Italy) for motor coordination and balance. The mouse was placed on a round rod (2 cm in diameter), the rotation of which gradually increases from 5 to 30 rpm. The time to fall off the rod (or turn two full rounds around with the rod) was recorded until the cut-off time of 6 min was reached. The mouse was adapted to the test by first giving it 30 s to stay on a stationary rod and additional 30 s with the minimum speed of rotation.
Marble burying task
The marble burying task was assessed in the home cage (27 × 45 × 14.5 cm) by placing an array of 3 × 3 glass marbles (diameter 1 cm) on the bedding and counting the number of marbles visible the next morning. A high number of covered marbles is an indicator of anxiety.
Novelty-suppressed feeding test for anxiety
Novelty-suppressed feeding is an additional test for anxiety. After 14 h of fasting, the mouse is placed into a novel cage with a regular food pellet, and the times elapsed before sniffing and biting were measured. To control for appetite, the mouse was given a fixed portion of standard chow in its home cage, and the amount of food consumed by the cut-off time was measured.
Morris swim navigation task (water maze)
This task was used to test spatial learning and memory. The test was conducted in a white circular wading pool (diameter 120 cm) with a submerged platform (diameter 14 × 14 cm) positioned 1.0 cm below the water level of the pool in a fixed location to serve as a route of escape from the pool. The temperature of the water was kept constant at 20 ± 0.5°C. The location of the hidden platform was kept constant, and the starting position was varied among four different locations along the edge of the pool, with all mice starting from the same position in a given trial. Each mouse was placed in the water with its nose pointing towards the wall. If the mouse failed to find the escape platform within 60 s, it was placed on the platform for 10 s by the experimenter (mice that found the platform were also allowed to stay on the platform for 10 s). The acquisition phase consisted of five daily trials with 10-min intervals between trials for the first 4 days, and three training trials on the 5th day. The first and the last trial of the 5th day were performed without the platform to test for a potential search bias as an index of spatial memory. The mouse was video-tracked, and the video analysis program calculated the escape latency, swimming speed, path length, and time in the pool periphery (10 cm from the wall) and the platform zone (diameter 30 cm).
Passive avoidance task
This task is used as a control for long-term memory, since, in contrast to Morris swim task, increased activity levels lead to impaired performance in this task. Each mouse was placed in the well-lit side of a two-compartment box and was allowed to freely enter the dark, closed compartment through a hole in the dividing wall. As soon as the mouse entered the dark side, the slide door separating the compartment was closed, and a mild foot-shock (shock parameters: 0.30 mA current intensity, two times for 2 s) was delivered. The mouse was then taken to its home cage. The memory of the aversive experience was assessed 48 h later by measuring the time for the mouse to enter the dark compartment, with a cut-off time of 180 s.
Immunocytochemistry
Histological examination was performed on 10 sham-exposed mice and 10 mice from each IF MF exposed group. Under deep anesthesia (produced with a cocktail of 105 mg/kg pentobarbiturate and 425 mg/ kg chloral hydrate), the mice were perfused transcardially with ice-cold saline to rinse the blood from the brain. One brain hemisphere was immersion fixed in 4% paraformaldehyde for 4 h, dehydrated by immersion in 30% sucrose overnight, and stored in a cryo-protectant tissue collecting solution (30% ethylene glycol and 25% glycerol in 0.05 M sodium phosphate buffer) at − 20°C until processed for histology. Coronal 35 µm slices were cut, and three sections of the septal hippocampus (spacing 300 µm) were stained for glial fibrillary acidic protein (GFAP) with primary anti-GFAP antibody (Sigma, 1:1000) to visualize activated astrocytes.
Similarly, three sections, each 300 µm apart starting from the septal hippocampus were stained with goat anti-doublecortin (DCX) antibody K. Kumari et al. Environmental Research 162 (2018) [27] [28] [29] [30] [31] [32] [33] [34] (Santa Cruz, sc-8066, 1:1000) to visualize newly differentiated neurons. Corresponding biotinylated rabbit-anti-goat secondary antibodies (1:500) were used, followed by incubation with HRP-labeled StreptAvidin (GE Healthcare, 1:1000). The colour was developed by reaction with nickel ammonium sulfate diaminobenzidine with hydrogen peroxide, and the reaction was stopped by adding phosphate buffer. The sections were then mounted, cleared with xylene, and covered with a cover-slip.
To determine the immunoreactivity of GFAP in the hippocampus, photomicrographic images of the hippocampal regions were taken with a camera (AxioCam ERc5sm) mounted on a microscope (Zeiss Axio Imager, M2). The optical density of the entire hippocampal cross section was subtracted from that of a reference area in the somatosensory cortex in each section and averaged across the three sections.
Statistics
IBM-SPSS 23.0 for Windows (IBM Corp., Armonk, NY, USA) was used for all statistical analyses. Results from all three cohorts were pooled for statistical analysis. The data were expressed as the mean ± the standard error of the mean (SEM). One-way analysis of variance (ANOVA) was used for comparing the results of the three groups in behavioural tests that included only one time-point and for histological data. Spontaneous explorative activity and the Morris swim task were analysed with ANOVA for repeated measurements, with the test day as the within-subject factor. The main ANOVA results that were significant were followed up with the Dunnett's test as the post-test with the sham group as comparison. In all cases, the statistical significance was set at level p < 0.05.
Results
Dosimetry
Exposure of the embryos and the mother was assessed by numerical dosimetry in terms of the induced current densities (J) or electric (E-) fields with respect to the guidelines of the ICNIRP or (1998, 2010, respectively) . For the embryos, the peak area averaged J was 2.9 mA/m 2 for 12 µT and 29 mA/m 2 for 120 µT with uncertainty of~21%. The peak and 50th percentile exposures of the mother were approximately 30% higher than those of the embryos. The peak current density in the high exposure group exceeded the ICNIRP (1998) basic restrictions for the general public. In terms of induced E-fields, peak volume averaged fields of 6.7 and 67 mV/m for 12 and 120 µT, respectively were calculated, with uncertainties of~10%. The peak and 50th percentile exposures of the mother were about 4.5 and 2.1 times higher, respectively. All E-fields were well within the ICNIRP (2010) basic restrictions for the general public.
Body weight
The body weight development of offspring was recorded after weaning (PND-28), before the behavioural tests were performed (PND-60), and after the tests were completed (PND-77). There were no between-group differences in the weights at PND-28 (p = 0.36), PND-60 (p = 0.28), or PND-77 (p = 0.99) (Supplementary Fig. 1 ).
Behavioural findings
Spontaneous locomotion
First, we determined whether IF MF exposure affects spontaneous exploratory activity of a mouse placed in a new cage. As illustrated in Fig. 2A -C, the exploratory activity did not differ between the exposure groups in terms of ambulatory distance (gross horizontal locomotion; p = 0.11), the time spent in stereotypic movements (p = 0.21), or rearing (p = 0.78). Further, there was no exposure by session interaction with a 48-h interval.
Motor coordination and balance
To gain an idea of possible exposure effects on motor coordination and balance, the mice were tested for their ability to stay on an accelerating rotating rod (Rotarod). The ANOVA revealed a significant exposure effect on latency to fall off (F 2, 59 = 5.46, p = 0.01). In the post-hoc comparison, the 12 µT group stayed longer on the rod than the sham-exposed group (p = 0.04) (Fig. 2D) .
Anxiety
Mice were also tested for object neophobia. As shown in Fig. 3 , no group differences in the total number of uncovered marbles were observed (p = 0.85). As an additional test for anxiety, we used the novelty-suppressed feeding test. No differences between the exposure groups were observed either in the delay to sniff (p = 0.28) or delay to bite (p = 0.28) the food pellet.
Spatial learning and memory
First, we tested the animals in the Morris swim navigation the task which is 'the gold standard task' to measure spatial learning and memory of rodents. The escape latencies during 5 days of task acquisition did not differ between the groups (p = 0.71; Fig. 4A ). However, there was a significant difference in swimming speed during the task acquisition over 5 days (F 2, 59 = 3.11, p = 0.05). In the post-hoc test, the swimming speed of the 120 μT exposed group was slower than that of the sham-exposed group (p = 0.04; Fig. 4B ), which led us to also assess the acquisition phase by measuring the path length. This measure did not differ significantly among the groups (p = 0.20; Fig. 4C ). Time spent in the pool wall periphery (10 cm from the wall) was also analysed. Typically, the mice first search for an escape through the pool wall, but soon learn to abandon this inefficient strategy. No differences were found between the exposure groups on this measure of learning (p = 0.59; Fig. 4D ).
Next, we assessed the search bias during the probe trials on the fifth test day without the platform present to gain an index of memory persistence. The mean distance to the former platform location did not differ between the sham group and IF MFs exposed groups during either the first (p = 0.29) or the second probe trial (p = 0.20; Fig. 4E ).
Finally, to obtain an additional measure of long-term memory that is differentially sensitive to movement activity, we also tested the mice with a passive avoidance task, for which high motor activity -so beneficial in the Morris swim task as it favours exploration of the poolis detrimental. Further, passive avoidance relies on single-trial learning while the Morris swim task reflects accumulated learning across days.
The strength of the memory for an aversive experience was assessed by measuring the latency to enter in to a dark compartment 48 h after conditioning with a mild foot shock. This measure did not differ between the exposure groups (p = 0.67; Fig. 5 ).
Immunohistochemistry
Hippocampal GFAP staining was performed to assess astrocyte reactivity after IF MF exposure. Representative photomicrographs of stained hippocampal sections for each group are shown in Fig. 6C -E. No significant differences were observed in the mean optical density of hippocampal GFAP staining between the exposure groups (p = 0.67; Fig. 6A ).
To assess the effects of prenatal to early postnatal IF MF exposure on hippocampal neurogenesis, we quantified DCX immunoreactivity in the subgranular zone of the hippocampal dentate gyrus. Representative photomicrographs of DCX-stained hippocampi are shown in Fig. 6F-H . No differences were observed in the mean optical density of hippocampal DCX staining between the exposure groups (p = 0.26; Fig. 6B ).
Discussion
To our knowledge, this is the first study of behavioural teratology aimed to assess possible effects of IF MFs on the developing nervous system. Behavioural teratology can show subtle or transient changes early in life that may have long-term consequences for the organism. We observed no IF MF effects on body weight development of male pups. A broad neurological test battery showed no deleterious effects of IF MF exposure on spontaneous explorative activity, measures of anxiety or spatial learning and memory. In contrast, we observed a significant exposure effect in the Rotarod test, such that mice in the 12 µT group performed better than the sham-exposed group. This result may suggest that a weak IF MF exposure of the dam might augment cerebellar neural plasticity in the pups. However, there was no clear dosedependent effect. Another indication that maternal IF MF exposure might have some behavioural effects on the progeny was the decreased swimming speed in the Morris swim task. Such a finding is usually an indicator that the animal has given up the search for the submerged platform. However, this interpretation does not seem plausible in this case, as no effects on the time to find the platform or on the path length were observed. Hippocampal astrogliosis and adult neurogenesis were not influenced by the exposure. Collectively, these findings suggest that prenatal to early postnatal exposure to 7.5 kHz MF at up to 120 µT does not significantly adversely impact the developing brain. Since only male pups were studied, we cannot exclude the possibility that the results could be different in female pups.
It was somewhat surprising to find no effect on learning and memory, given the results of our parallel study, in which exposure for 5 weeks to identical IF MFs impaired spatial learning and memory in the Morris swim task and passive avoidance task in young mice (2 months at the onset of exposure). It seems that the exposure period used in the present study (covering prenatal and early postnatal development until PND-28) is not a sensitive period for IF MF effects on memory and learning. An alternative explanation is that the interval between the end of exposure at PND-28 and behavioural testing 2 months later could have allowed substantial recovery from reversible effects caused by IF MF exposure. It should also be noted that the findings of the parallel study have not been confirmed in independent experiments. Rotarod performance, 12 µT exposed mice showed increased performance (* p < 0.05) in comparison to the sham-exposed group. Dunnett's test was used as post-test to compare the each exposed group to sham-exposed for significant main ANOVA results. The box plot shows median, first, and third quartiles (top and bottom of the box), and minimum and maximum (whiskers); n = 20 (22 in the 12 µT exposed group). Fig. 3 . Uncovered marbles counted to assess the neophobia of the male offspring exposed to 7.5 kHz MF at 12 or 120 µT from GD-1 to PND-28; the bar graph denotes mean ± SEM; n = 20 (22 in 12 µT exposed group).
There are no previous studies available on the effects of prenatal and early postnatal IF MF exposure on behaviour and brain histopathology. Win-Shwe et al. (2015) reported effects on the mRNA expression level of genes related to memory function and markers of neuroinflammation in the hippocampus of male C57BL/6J mice exposed to IF MFs in utero and during days 27-48 of postnatal development. Histological examination of the hippocampus did not reveal any morphological changes, and immunohistochemical analysis of microglia with Iba-1 did not show activation. The effects on neurological and inflammatory markers appeared to be reversible, as no effects were observed in animals that were allowed to recover for one day after termination of exposure. The IF MF used by Win-Shwe et al. (2015) were both higher frequency (21 kHz) with magnetic flux density (3.8 mT) than those used by us, but their animals were exposed only for 1 h/d. As even reversible effects on neural and inflammatory processes might lead to behavioural changes when exposure is long-term and continues throughout the development of the central nervous system, it will be useful to conduct further studies involving high magnetic flux Fig. 4 . Morris swim task in male mice exposed to 7.5 kHz MF at 12 or 120 µT from GD-1 to PND-28. (A) Escape latency. (B) Swimming speed; 120 µT exposed group swam slower than the sham-exposed group (p Swim path length. (D) Time spent in the zone. (E) Mean distance to the former platform location during the probe trial on day 5 and fifth swim; line and bar graph denotes mean ± SEM; n = 20 (22 in 12 µT exposed group).
Fig. 5.
Passive avoidance for memory consolidation tested in male mice exposed to 7.5 kHz MF at 12 or 120 µT from GD-1 to PND-28; latency to enter the dark compartment was measured 48 h after the adverse event (foot shock). The aligned dot plot denotes group mean ± SEM; n = 20 (22 in 12 µT exposed group).
densities and continuous long-term exposures at different frequencies relevant to human IF MF exposure. Two in-vitro studies reported no effects of 23 kHz MFs (100 and 200 µT for up to 6 h) on gene expression in human foetus-derived astroglia cells (Sakurai et al., 2012 (Sakurai et al., , 2013 .
The effects of prenatal exposure to IF MF on conventional teratological endpoints, have been addressed in several studies without behavioural tests (Stuchly et al., 1988; Frölen et al., 1993; Huuskonen et al., 1993 Huuskonen et al., , 1998a Huuskonen et al., , 1998b Juutilainen et al., 1997; Kim et al., 2004; Lee et al., 2009; Nishimura et al., 2011 Nishimura et al., , 2012 ) . These studies, involving frequencies from 18 to 60 kHz and magnetic flux densities from 5.7 µT to 0.2 mT have generally found no effects on most endpoints studied, the only endpoint showing some consistency being increase of skeletal anomalies in a few studies (reviewed by Huuskonen et al., 1998c , Juutilainen, 2005 WHO, 2007) . These studies, however, were not designed to detect subtle effects on brain development. The present study indicates that IF MF with the parameters used (7.5 kHz, 12 or 120 µT) do not affect development of the central nervous system.
Conclusions
In conclusion, the results of this study provide no evidence of adverse effects from prenatal and early postnatal exposure to IF MF. Body weight development in male offspring was not affected by exposure to 7.5 kHz MF and 12 or 120 µT, and no exposure-related differences were observed in spontaneous motor activity, anxiety, spatial learning, or memory. Furthermore, histopathological analysis did not reveal any effects on astroglial reactivity or hippocampal neurogenesis. The two statistically significant findings that were observed -improved performance in the Rotarod task in the 12 µT group and decreased swimming speed in the 120 µT group -are likely to be chance findings, as they do not form an internally consistent, dose-dependent pattern indicating specific developmental effects. Fig. 6 . Histochemical analysis of the hippocampus of male mice exposed to 7.5 kHz MF at 12 or 120 µT from GD-1 to PND-28. Samples for staining were collected at PND-77. (A) The mean optical density (OD) of GFAP to assess hippocampal astrocytosis. (B) The mean optical density (OD) of hippocampal DCX to visualize newly differentiated neurons. The scatter dot plot denotes group mean ± SEM; n = 10 (mice in each group). (C), (D), and (E) representative photomicrographs of astrocytic GFAP immunostaining of hippocampus in mice brain of each exposed group (scale bar = 200 µm). (F), (G), and (H) Representative photomicrographs of hippocampal DCX (scale bar = 100 µm).
